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Abstract— In this paper, we investigate a multiband-orthogonal 
frequency division multiplexing ultra-wideband (MB-OFDM 
UWB) system with very high data rates (VHDR) of several 
gigabits per second (Gbps). We propose a DSTTD-based VHDR 
MB-OFDM UWB system by incorporating a double space-time 
transmit diversity (DSTTD) scheme into the conventional MB-
OFDM UWB system. At the receiver, an efficient soft-demapper 
that takes into consideration the noise enhancement due to a 
zero-forcing equalization is developed. Numerical simulations of 
the proposed system at a very high data rate of 2.Gbps over the 
IEEE 802.15.3a channel models are implemented. The simulation 
results show that this system could achieve a very good 
performance in a low signal-to-noise ratio (SNR) region.  
 
Keywords- D-STTD; MB-OFDM UWB; MDCM; Alamouti 
code;  IEEE 802.15.3a channel models 
I.  INTRODUCTION  
Ultra-wideband (UWB) communications has been 
considered as a promising transmission technique for short 
range, very high data rate applications [1]. Recently, Multiple 
Input Multiple Output (MIMO) schemes, including space time 
codes [2] and spatial multiplexing approaches [3], have been 
deployed in many wireless systems to significantly improve 
error performance and/or spectral efficiency.  
The combination of MIMO and Multiband-OFDM UWB 
systems have been mentioned in the literature, such as [4], [5]. 
In [4], the authors proposed a space-time-frequency (STF) 
coded MB-OFDM UWB system under channels with a log-
normal distribution. Meanwhile, in [5], the authors considered 
spatial multiplexing MIMO for MB-OFDM UWB systems. 
These works only investigated the systems with hard-
demapping and do not offer very high data rates. In [6], we 
proposed a STF coded VHDR MB-OFDM UWB system that 
could achieve a good performance at data rate of 1 Gbps by 
using the Alamouti STF code. In order to have MIMO MB-
OFDM UWB systems that could offer data speeds of up to 
several gigabits per second, besides LDPC codes and the 
MDCM modulation as mentioned in [7], the use of more than 
two transmit and/or receive antennas should be considered.   
It is well-known that the double space-time transmit 
diversity (DSTTD) could provide a practical tradeoff between 
multiplexing gain and diversity gain [8]. This coding scheme 
is a hybrid combination of space time block codes and spatial 
multiplexing techniques. Besides the advantages of offering 
diversity gain and high data rates, the DSTTD can be used in 
OFDM-based systems over frequency selective fading 
channels. In fact, the DSTTD has been applied to many 
practical wireless systems, such as WLAN [9]. 
In this paper, we consider the application of the DSTTD in 
the VHDR MB-OFDM UWB system to boost data rates up to 
several Gbps. Specifically, we develop encoding and decoding 
procedures over space, time, and frequency dimensions at the 
transmitter and receiver, respectively. Based on the DSTTD 
scheme, the proposed DSTTD-based VHDR MB-OFDM 
UWB system could offer diversity gain and multiplexing gain 
simultaneously. It will be shown that this system could 
achieve a good error performance with low complexity. 
The remainder of the paper is organized as follows. In 
Section II, we first describe the DSTTD scheme and then 
review the WiMedia’s VHDR MB-OFDM specifications. In 
Section III, we propose the DSTTD-based VHDR MB-OFDM 
UWB system. Simulation results are provided in Section IV. 
Finally, Section V concludes the paper.   
Notation: Throughout the paper, a bold letter denotes a 
vector or a matrix, whereas an italic letter denotes a variable. 
(.)*, (.)T, (.)-1, and (  ) denote complex conjugation, transpose, 
inverse, and the Hadamard product, respectively. a~  denotes 
an estimation of a. In addition, Re{.} and Im{.} refer to the real 
and imaginary parts of a complex number, respectively. 
II. BACKGROUNDS 
A. Double Space-Time Transmit Diversity  
Double space-time transmit diversity (DSTTD) [8] is a 
combination of spatial multiplexing and space-time block 
codes. The block diagram of a DSTTD system with four 
transmit antennas and two receive antennas is shown in Fig.1. 
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Fig. 3 Transmit architecture for a VHDR MB-OFDM system 
exp(j2πfct) 
Time-Frequency Codes 
At the transmitter, the input symbols are demultiplexed 
into two independent streams. Each stream is then encoded by 
an Alamouti encoder [2]. Assuming that the fading channel 
coefficients are constant for two symbol periods, the system 
model could be expressed in an equivalent form as [8] 
  nHxy   (1) 
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Equation (1) shows that there is an equivalence between the 
transmission model of the DSTTD system and spatial 
multiplexing MIMO systems. Therefore, many detection 
techniques for MIMO system, such as zero-forcing (ZF) or 
minimum mean-squared error (MMSE), could be applied to 
detect signals at the receiver. In particular, when a ZF detector 
is used, the equalized signals are given as  
nHHHxWyx ')'(~ 1    (6) 
where ')'( 1HHHW   is a filter matrix for ZF. Although this 
linear detector suffers from an issue of noise enhancement, its 
complexity is very low. In particular, it is shown in [10] that 
this method does not require matrix inversion.    
 
B. Overview of WiMedia’s VHDR MB-OFDM UWB PHY 
In the MB-OFDM approach [7], the entire UWB spectrum 
between 3.1-10.6 GHz is divided into 14 subbands, each has a 
bandwidth of 528 MHz. These subbands are grouped into 6 
band groups as shown in Fig. 2.       
The physical layer architecture of a VHDR MB-OFDM 
system is similar to that of a conventional OFDM one, except 
that the carrier frequency changes from one symbol to another. 
The block diagram of the transmitter is depicted in Fig. 3. 
Accordingly, information data are first scrambled, and then 
encoded by a LDPC encoder [11]. The encoded bit stream is 
mapped into a MDCM (Modified Dual Carrier Modulation) 
constellation [7]. The resulting data are fed into an IFFT block 
to generate OFDM symbols. The total number of subcarriers 
in each OFDM symbol is 128, of which, there are 100 data 
subcarriers, 12 pilot subcarriers, 10 guard subcarriers, and the 
rest are null subcarriers. At the receiver, the signals are 
processed in the reverse order.  
With respect to some characteristics the VHDR MB-
OFDM system differs from the conventional OFDM system. 
First, a zero-padded suffix (ZPS) of length 37 is used to 
mitigate the effects of multipath as well as provide a guard 
interval for transceivers to switch from one subband to 
another. Second, the MB-OFDM system transmits symbols 
using different subbands specified by time-frequency codes 
(TFCs). These TFCs are used not only for providing frequency 
diversity but also for multiple access purpose. Third, wireless 
channels in a MB-OFDM UWB system follow a log-normal 
distribution, rather than the Rayleigh distribution.   
C. Table-based mapping for MDCM Scheme 
For the MDCM modulation, each group of eight bits is 
converted into two complex numbers, i.e. two OFDM 
subcarriers, )(kx and )50( kx ,  490,k  . The mapping 
process is mathematically described in the WiMedia’s 
specifications [7]. In [6], we proposed a table-based mapping 
approach that is useful for deriving soft-demapping 
expressions. To make this paper self-contained, we briefly 
summarize it as follows.  
The table-based mapping for MDCM process is based on 
Table I. Denote a group of 8 bits needed to be mapped to be 
.76543210 bbbbbbbb  The value of the bits 5410 bbbb  will 
determine the row from which the real parts of )(kx and 
)50( kx  should be selected. Meanwhile, the imaginary parts 
will be determined by the value of the bits 7632 bbbb . We now 
take a group of 8 bits )(11001010  as an example. The value 
)(1110bbbb 5410   will be corresponding to the 12
th row. 
Therefore, we have 7)}k(xRe{ and .)}k(xRe{ 1150     
Band Group #2 Band Group #3 Band Group #4 Band Group #5 
Fig. 2 MB-OFDM band group allocation  
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TABLE I. A MAPPING TABLE FOR MDCM. 
No b0b1 b2 b3 b4b5 b6 b7 Re{xk} Im{xk} Re{xk+50} Im{xk+50} 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
0  0  0  0  0  0  0  0 
0  0  0  0  0  1  0  1 
0  0  0  0  1  1  1  1 
0  0  0  0  1  0  1  0 
0  1  0  1  0  0  0  0 
0  1  0  1  0  1  0  1 
0  1  0  1  1  1  1  1 
0  1  0  1  1  0  1  0 
1  1  1  1  0  0  0  0 
1  1  1  1  0  1  0  1 
1  1  1  1  1  1  1  1 
1  1  1  1  1  0  1  0 
1  0  1  0  0  0  0  0 
1  0  1  0  0  1  0  1 
1  0  1  0  1  1  1  1 
1  0  1  0  1  0  1  0 
-15 
-13 
-11 
-9 
-7 
-5 
-3 
-1 
1 
3 
5 
7 
9 
11 
13 
15 
-15 
-13 
-11 
-9 
-7 
-5 
-3 
-1 
1 
3 
5 
7 
9 
11 
13 
15 
9 
1 
-7 
-15 
11 
3 
-5 
-13 
13 
5 
-3 
-11 
15 
7 
-1 
-9 
9 
1 
-7 
-15 
11 
3 
-5 
-13 
13 
5 
-3 
-11 
15 
7 
-1 
-9 
 
Similarly, for the bits ),(0010bbbb 7632  by looking up to the 
4th row in the table, we obtain 9)}k(xIm{ and 
.)}k(xIm{ 1550  Therefore, the values )(kx and 
)50( kx  are )( j97   and ),( j1511  respectively. 
We have some important observations from the above 
mapping. First, the values )}k(xRe{  and )}k(xRe{ 50  
depend only on the bits ,b,b,b,b 5410 whereas the values 
)}k(xIm{  and )}k(xIm{ 50  depend only on the bits 
.b,b,b,b 7632  Therefore, the computation of ,,,,i,b
~
i 5410  
depends only on )}k(x~Re{  and )}.k(x
~Re{ 50  Likewise, 
the computation of ,,,,i,b
~
i 7632  depends on )}k(x
~Im{  and 
)}.k(x~Im{ 50 Second, the relation between the bits 
5410 b,b,b,b and )}k(xRe{  is exactly the same as that between 
the bits 7632 b,b,b,b  and )}.k(xIm{  Also, the relation 
between the bits 5410 b,b,b,b and )}k(xRe{ 50  is similar to 
that between the bits 7632 b,b,b,b  and )}.k(xIm{ 50  
Consequently, the steps required to obtain ,,,,i,b
~
i 5410  from 
)}k(x~Re{  and )}k(x
~Re{ 50  is exactly the same as those 
needed to get ,,,,i,b
~
i 7632 from )}k(x
~Im{  and 
)}.k(x~Im{ 50   
III. DSTTD-BASED VHDR MB-OFDM UWB SYSTEM  
In this section, we propose the DSTTD-based VHDR MB-
OFDM UWB system. We consider a system equipped with 
4Tn  transmit antennas and Rn receive antennas ( 2Rn ). 
The block diagram of this system is depicted in Fig. 4. The 
operation of this system is described below.  
At the transmitter, the data bits are encoded, and mapped 
onto MDCM constellation points. The resulting complex signal 
is then fed into the double space-time transmit diversity  
 
encoder. The encoding process is similar to the one described 
in Section II.A. Denote 4,3,2,1)],1(),...,0([  mKxx mmmx , 
to be the four blocks of 100K complex numbers that the 
DSTTD encoder takes for each coding operation. In the first 
period, the encoder outputs ,,, 321 xxx  and 4x  for transmission 
via the first, second, third, and fourth antenna, respectively. In 
the next period, the four corresponding output sequences are 
,*2x ,
*
1x ,
*
4x and .
*
3x  Therefore, the STF transmission matrix 
could be expressed as 
)7(.
T
*
3
*
4
*
1
*
2
4321








xxxx
xxxx
X  
The output sequences from the encoder are then fed into 128-
point IFFT blocks. Each IFFT output sequence is added with a 
zero-padded suffix (ZPS) to form a MB-OFDM symbol before 
being transmitted via its corresponding transmit antenna.  
At the receiver, the received signal at each antenna is fed 
into the FFT block after the ZPS is removed. Denote 1ny  and 
2
ny  to be the resulting signals from the n
th receive antenna in 
the first and second period, respectively.  These signals could 
be expressed as [4] 
 
 b
a
nnnnnn
nnnnnn
.8
.8
2*
34,
*
43,
*
12,
*
21,
2
1
44,33,22,11,
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where R
p
n
p
n
p
n nnpKyy ,...,2,1;2,1)],1(),...,0([ y , are the 
received signals, )]1()...,1(),0([ ,,,,  KHHH mnmnmnmnH  is 
the channel frequency response of the path between the mth 
transmit antenna and the nth receive antenna that remains 
constant during the two consecutive periods of transmission, 
and 2,1, ppnN , are independent noise samples modelled as 
Gaussian random variables with variance 2 per dimension.  
At the DSTTD decoder, assuming perfect channel state 
information (CSI) is available, the equalized signal 
corresponding to each subcarrier for each transmit data stream 
is obtained by using the method that requires no matrix 
inversion mentioned in the Section II.A. The four estimated 
Rx 1  
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Data 
   Fig. 4 Block diagram of a DSTTD-based VHDR MB-OFDM UWB system 
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sequences, denoted as ,4,3,2,1,~ mmx are then taken by the 
MDCM demapper to produce the soft-value for each bit.   
Define the log-likelihood ratio (LLR) of the ith, i=0,...,7 
bit associated with the pair of symbols )(kxm , )50( kxm  as 
  )9(.
)]50(~),(~),50(),(|0Pr[
)]50(~),(~),50(),(|1Pr[
logLLR
,,,
,,,
, 


kxkxkHkHb
kxkxkHkHb
b
mmmnmnmi
mmmnmnmi
mi
Using the first observation mentioned in Section II.C, for 
estimating bits ,5,4,1,0,
~
, ib mi  we could express the LLR 
values as in (10) (see at the bottom), where )( m,iS
0
 and 
)(
m,iS
1
 are 
the sets of the real parts of constellation symbols whose ith bit 
is 0 and 1, respectively. As the two subcarriers, kth and 
(k+50)th, are separated by at least 200MHz in UWB systems 
[7], it is possible to assume that )(~ kxm  and )50(
~ kxm  are 
independent. Define )(2 km to be the variance of the noise 
after ZF filtering that is associated with )(~ kxm . For a ZF 
detector, assuming that all the transmitted symbols are equally 
likely, by applying the property of a joint Gaussian probability 
density function (pdf) and Bayes’ rule, we have (11), where 
the joint Gaussian pdf  f{.} could be expressed by (12), and 
(13) [12]. Using the log-map approximation, we finally have 
(14). Based on the second observation in Section II.C, the 
LLR expression for bits 7632 ,,,i,b
~
m,i   are obtained by 
replacing )}k(x~Re{ m  and )}k(x
~Re{ m 50  in (14) with 
)}k(x~Im{ m  and )},k(x
~Im{ m 50  respectively. Also, 
)0(
,miS  
and )1(,miS  are now the corresponding sets of the imaginary 
parts of symbols. Moreover, these LLR values could be further  
normalized as done in [13]. It should be noted that, in the final  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE II.  SIMULATION PARAMETERS. 
Parameter Value 
Data rate 
FFT size 
Number of information data subcarriers 
Modulation scheme 
LDPC code (code rate of 4/5) 
Channel models 
Number of channel realizations 
2048 Mbps 
128 
100 
MDCM 
Table 6.32 in [7]  
CM1, CM2, CM3, CM4 
100 
 
LLR expressions in (14), we reflect the CSI with respect to the 
post-filtering noise variance. Therefore, the system 
performance is expected to be improved with this soft 
demapper [14].  
Finally, the LDPC decoder takes these soft-values for soft-
decoding in order to retrieve the transmitted information.    
IV. SIMULATION RESULTS 
 In this section, simulation results are provided to illustrate 
the performance of the proposed system. The simulation 
parameters are listed in Table II. These parameters are chosen 
based on the WiMedia’s specifications for the data rate of 1024 
Mbps. Hence, the data rate in the proposed system employing 
the DSTTD scheme is 2048 Mbps. In addition, the LDPC 
encoding algorithm developed in [11] which could achieve 
linear running time is adopted in our simulation. We measure 
the system performance in terms of packet error rate (PER) 
over the IEEE 802.15.3a channel models defined in [15]. There 
are four channel models, namely CM1, CM2, CM3, and CM4, 
corresponding to different scenarios. The CM1 channel model 
is based on a measurement of a Line of Sight (LOS) scenario 
where the distance between the transmitter and the receiver is 
up to 4 m. The others are CM2 (0-4m, Non Line of Sight-
NLOS), CM3 (4-10m, NLOS), CM4 (4-10m, NLOS, rms delay 
spread of 25 ns). Moreover, the multipath gains are modeled as 
independent log-normally distributed random variables in these 
models. We assume that perfect CSI is available at the receiver. 
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Fig. 5 shows the PER performance of the proposed system 
with different numbers of receive antennas. It is evident that 
the proposed system can achieve a target PER of 10-2 in a low 
SNR region. Moreover, there is a significant error performance 
improvement when the number of receive antennas increases. 
For example, a gain of about 4.5 dB is attained over the CM1 
channel model in a system equipped with three receive 
antennas, compared to the case of using two receive antennas. 
This is due to the fact that the DSTTD scheme could offer an 
additional diversity gain when the number of receive antennas 
is larger than two [8]. 
 Fig. 6 compares the performance of the proposed system 
with that of the spatial multiplexing (SM) based system at the 
same data rate of 2 Gbps. In this comparison, both systems 
have a 4x4 MIMO configuration. The ZF detector is used in the 
proposed system, whereas a MMSE detector is used in the SM 
system. Also, a 4-QAM modulation scheme is adopted in the 
SM system. Hence, all systems have an equal spectral 
efficiency of about 6 bits/s/Hz. It is clear that the proposed 
system outperforms the SM counterpart under all channel 
models.  This advantage could be explained from the diversity 
gain perspective. Specifically, when the ZF or MMSE detector 
is used in a MIMO configuration with equal numbers of 
transmit and receive antennas, the SM system only has a 
diversity order of one. Meanwhile, the proposed system using 
the DSTTD scheme enjoys a higher diversity order [8]. We 
also observe a high error floor occurring in the CM4 channel. 
This is a result of using the simple ZF detection in the scenario 
where the channel impulse response of the CM4 channel is 
much longer than the zero-padded suffix.  
V. CONCLUSIONS 
A MB-OFDM UWB system that could offer very high data 
rates of up to 2 Gbps has been proposed. This system is 
achieved by incorporating the efficient DSTTD scheme into the 
standard MB-OFDM UWB system. It is shown that this system 
could achieve a good PER performance at low SNR values 
with low complexity. We have considered the simple ZF 
detector for the DSTTD scheme in this paper. The use of other 
detection techniques might provide an improved error 
performance at the expense of extra computational cost.  
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